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Abstract 
Shrinking cities have experienced substantial, chronic population decline resulting in the inundation of impervious, vacant or 
abandoned properties that contribute to the runoff entering the stormwater systems. These cities have the potential to shift land 
uses, selectively transition excess land to pervious surfaces, or implement green infrastructure to treat stormwater onsite, 
reducing the runoff and pollutants entering the stormwater systems. This study evaluated the impact on the generated runoff due 
to: (1) decommissioning impervious surfaces, (2) transitioning land uses, and (3) incorporating bioretention cells at the 
neighborhood level in vacant lots. Hydrology-hydraulic modeling was used to evaluate the alternatives in two Midwestern 
shrinking cities, each operating on different stormwater systems (combined and separate) using city-provided and publicly 
available data. Historic precipitation; short-duration, high-intensity storms; and long-duration, low-intensity storms were 
assessed. Implementing the alternatives can reduce runoff between 10% and 98% depending upon the alternative and 
precipitation/storm. 
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1. Introduction 
Shrinking cities are cities that have experienced substantial, chronic decline in their populations over multiple 
decades (e.g., Detroit, MI; Gary, IN) and decreasing demands for infrastructure services [18]. In spite of decreasing 
demand arising from fewer consumers, the cost to maintain the aging and decaying infrastructure remains, as the 
infrastructure footprint is relatively stable, not contracting with the declining populations [28, 6, 11].  
Two types of stormwater infrastructures are of particular interest to this study: separate sewer systems and 
combined sewer systems (CSSs). Separate sewer systems collect generated runoff, typically transporting the runoff 
to open water sources, with limited, if any, treatment. CSSs that transport stormwater runoff and wastewater flows 
in the same infrastructure system operate in approximately 770 communities that are home to around 40 million 
people in the US [36].  These CSSs are characteristic of older communities, many of which are Midwestern 
shrinking cities. CSSs may exceed capacity, discharging untreated flows into surrounding receiving water sources 
with precipitation events as little as 0.1 inches [22]. Untreated overflows introduce pollutants and pathogens into the 
water sources, degrading the water quality and potentially causing public health threats and environmental 
degradation [37]. CSSs can also pose challenges during dry periods, when solids settle due to low flows and the 
solids are discharged during overflow events at a later time.  
Contributing to the generated runoff entering either the separate stormwater system or the CSSs are the vacant 
and abandoned impervious surfaces in shrinking cities that impede water infiltration to the groundwater system [18]. 
Additionally, non-point source pollutants and debris accumulate in the generated runoff [3]. This runoff entering the 
infrastructure systems may result in the increasing frequency of discharges as the system exceeds capacity. The 
Clean Water Act established in the 1970s created environmental programs such as the National Pollutant Discharge 
Elimination System (NPDES) permit program, to regulate pollutant discharges [35]. Methods to reduce these 
discharges and aid cities in compliance include increasing the capacity of the underground stormwater collection 
system or separating the stormwater collection to be separate from the wastewater system in CSSs. Implementing 
stormwater management practices to either reduce generated runoff or treat stormwater onsite, as opposed to 
entering the underground infrastructure, are other suggested approaches to reduce strain on the wastewater treatment 
plant or increase available capacity in the stormwater collection infrastructure system.  
The application of stormwater management to reduce generated runoff has been explored in literature and in 
practice. Philadelphia, PA has invested in stormwater onsite management with green infrastructures, such as 
bioswales and rain gardens, in attempt to reduce overflows prior to financially investing in an overflow tunnel [4]. 
Carter and Jackson [12] consider implementing stormwater management in urbanized areas, evaluating the most 
effective practices with limited land use.  Montalto et al. [23] presents a low impact development (LID) rapid 
assessment tool to estimate the cost-effectiveness of various forms of LID practices in densely, urbanized areas. Jia 
et al. [21] proposes a decision-making tool using ArcGIS and optimization evaluating the potential of alternatives to 
coexist with proposed/existing developments. Another alternative explored is the impact of permeable pavements on 
water quality and runoff (e.g., [5, 14]). This alternative is unlikely to be implemented in a fiscally strained, shrinking 
city due to the large-scale repaving effort necessary in the severely declining areas considered in this study.  
This paper explores integrating stormwater management methods within shrinking cities where there is an 
abundance of underutilized, vacant land and limited opportunity for lot-level investment due to the high vacancy 
rates. Researchers and planners are now focusing on stabilizing growth in shrinking cities and resizing the city 
footprint to meet the needs of the smaller population (e.g., [8, 1, 27, 10, 7, 34]). These cities have the potential to 
shift land uses, selectively transition excess land uses, or implement LID practices that treat stormwater onsite, to 
reduce the quantity of runoff and pollutants entering the infrastructure system. Stormwater retooling alternatives in 
this study refer to physical changes to the surface infrastructure in shrinking cities (e.g., abandoned/vacant parcels, 
sidewalks), to improve the performance of stormwater/wastewater system. This study evaluates the impact of three 
stormwater retooling alternatives on the generated runoff: 
 
x Decommissioning vacant/abandoned impervious surfaces to allow onsite infiltration.  
x Transitioning land uses post decommissioning impervious surfaces, such as a wooded or grass area.  
x Incorporating bioretention cells at the neighborhood level to treat water onsite.  
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In this study, decommissioning impervious surfaces refers to the removal of any driveways, foundations, 
sidewalks, and pavement within a defined, neighborhood-level area, referred to as the candidate area. Once all 
impervious surfaces are decommissioned, the candidate area may be transitioned to different land uses, such as 
parks, greenbelts, or wooded areas. LID practices allowing for onsite treatment of water without the commitment to 
decommissioning the impervious surfaces considered in this study are bioretention cells. Bioretention cells are an 
option that is often located near impervious surfaces to redirect runoff into shallow depressions and remove 
pollutants onsite via ground infiltration. Once the bioretention cell exceeds capacity during heavy wet weather 
events, the water is directed to the stormwater system. Lot-level investments, such as rain gardens or rain barrels, are 
not included in this analysis as the investment into vacant or abandoned properties is not an attractive option in 
fiscally strained, shrinking cities. Furthermore, initial analyses evaluating the impact of lot-level investments in the 
occupied parcels in the candidate areas were negligible in reducing runoff due to the few residents in the area.  
2. Methodology 
To estimate the impact on generated runoff of transitioning land uses or integrating LID alternatives within the 
candidate area, the percentage change in generated runoff due to the incorporation of retooling alternatives is 
considered as the performance metric. The methodology used in the study is summarized in Figure 1. 
 
 
Fig. 1.  Methodology used for estimating the impact of the evaluate retooling alternatives 
 
Storm Water Management Model (SWMM), a dynamic simulation model for estimating runoff quality and 
quantity, is used for the analyses.  Status quo models (base scenarios) of the candidate areas are developed and then 
altered by changing land uses at a subcatchment level or incorporating LID practices. The runoff estimates from 
SWMM are based on the USDA [32] curve number analysis that incorporates the Natural Resource Conservation 
Service’s (NRCS) classification system of four hydraulic soil groups, Groups A through D. Group A has the lowest 
potential for runoff and D has the greatest potential for runoff. For the bioretention cells, the current land use is used 
to determine the curve number. The effects of development and urbanization were considered due to activities, such 
as heavy equipment during construction or daily use [30], by also evaluating alternatives under the assumption that 
urban development has compacted the soil to Category D characteristics. Thus, the analysis was performed for both 
Category D and actual soil classifications. Data inputs for the models were provided by the city (e.g., current and 
future land use, underground infrastructure characteristics) and from publically available data sources (e.g., 
precipitation data from the National Climate Data Center [25], soil categories from USDA: NRCS [33]).  
Local weather station data and synthetic storms are used to evaluate the impact of the retooling alternatives on 
generated runoff. Historical precipitation data in 30-minute increments, specific to the area is used to simulate the 
intensity and duration of typical precipitation [25]. A 2-year and 10-year, 24-hour design storm and a 2-year and a 
10-year, 10-minute design storm were simulated.  The 24-hour storm represents a long-duration, high-volume storm, 
whereas the 10-minute storm denotes a short-duration, high-intensity storms. The precipitation depths of the storms 
are obtained from NOAA [26]. The storm’s intensity was determined using National Resource Conservation Service 
developed distributions based on National Weather Service duration-frequency data or storm data.  
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3. Case studies for demonstration of impact analysis  
The impact of the retooling alternatives on generated stormwater runoff was assessed in two Midwestern cities, 
identified as City A and City B. Both cities have experienced a chronic decline in their populations, and as of the 
2010 census have lost 43.4% and 47.5% respectively of their populations from their peak populations in 1960 [31]. 
City A operates on a separate stormwater system, whereas City B operates on a combined sewer system. City A’s 
candidate area was identified via thematic mapping in ArcGIS, using city provided parcel data, and US Census 
Bureau data from the 2000 and 2010 census. City A’s candidate area is a 10-block area that is amongst the highest 
vacancy rates in the city. City B’s city officials identified an area that is designated as transitioning from a 
residentially zoned area to a green opportunities area.  As of 2010, the candidate area in City B was 70% vacated. 
Table 1 and 2 summarizes the analysis inputs and retooling alternatives considered for each city, respectively. 
 
Table 1. Framework inputs 
 City A City B 
Analysis/candidate area size 0.14 square miles  0.16 square miles 
Soil type 70% Hydraulic group B, 30% Hydraulic group C Hydraulic group B 
Current land use  Dense residential, approximately 1/8 acre parcels Dense residential, approximately 1/4 acre parcels 
Status quo impervious area 65% Impervious 38% Impervious 
Future land use Undetermined as of April 2015 
Green opportunity (i.e., shifting land use from 
residential to its natural state via green infrastructure, 
and land use transitions) 
Synthetic storm depths 
2-year, 24-hour storm: 2.32 inches 
10-year 24-hour storm: 3.29 inches 
2-year, 24-hour storm: 2.35 inches 
10-year, 24-hour storm: 3.46 inches 
2-year, 10-minute storm: 0.495 inches 
10-year, 10-minute storm: 0.738 inches 
Infrastructure  Separate stormwater system Combined sewer system 
 
Table 2.  Retooling alternatives  
Alternatives Rationale 
Status quo (base scenario) 
City A: 65% impervious, high density residential area  
City B: 38% impervious, high density residential area 
Represents the status quo  
Reduction in impervious surfaces  
City A: simulations ranged from 60% to 5% impervious in 5% increments 
City B: simulations ranged from 33% to 3% impervious in 5% increments 
Applicable if the city wishes to decommission impervious 
surfaces (e.g., driveways, foundations, sidewalks, roads)  
Decommissioned surfaces assumed to transition to grass 
in “good” condition 
Transitioning land uses ((1) grass and pasture, (2) brush, (3) woods, (4) meadow) 
Applicable if the city wishes to rezone the area for other 
land uses post decommissioning surfaces 
Bioretention cells1, 2, 3 
City A: assumes 65% impervious area 
City B: assumes 38% impervious area 
Applicable if the city wishes to reduce stormwater runoff 
throughout the neighborhood without investing in the 
removal of impervious surfaces 
1Bioretention cell size is 15% of the impervious area [2, 29]. 2Percentages of the generated runoff routed are 50%, 75%, and 100%. 3User 
defined storage depths are 12-inch and 6-inch, as suggested in SEMCOG [29], evaluated with both minimal (0%) and dense (50%) vegetation.  
4. Reductions in generated runoff due to retooling alternatives 
Runoff reductions are shown for historical precipitation specific to each case study city, followed by the results 
for the synthetic design storms. A 2-year and a 10-year, 24-hour storm are presented to evaluate the performance of 
the retooling alternatives during large volume precipitations events. Since City B operates on a combined sewer 
system (CSS), the analysis also includes the evaluation of a 2-year and a 10-year, 10-minute storm, i.e., a short 
duration, high intensity storm. Within the graphs, the percent change is relative to the status quo scenario for that 
precipitation event. For instance, the change in runoff from decommissioning impervious surfaces during a 10-year, 
24-hour storm is compared to runoff generated during that same storm over the status quo scenario. 
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4.1. Decommissioning impervious surfaces  
For the status quo (base scenario), City A and City B have 65% and 38% impervious surfaces, respectively. To 
examine the impact of varying pavement removal efforts, these impervious surfaces were decommissioned in 5% 
increments, until all impervious surfaces were decommissioned (Figure 2(a)). Once all impervious surfaces are 
removed, different land uses were simulated to estimate the generated runoff. When assuming the soils are in their 
natural state (B/C or B soils-see Table 1), all transitioned land uses reduce the runoff by at least 90%. When the soil 
is compacted, exhibiting characteristics of D soils, runoff is reduced by over 80% in City A and over 70% in City B. 
In City A, brush performed the best, reducing runoff by over 95% for B/C soils and over 85% for D soils. In City B, 
brush also reduced runoff the most, reducing the runoff by over 95%, for B soils, and by over 80% for D soils. 
When all impervious surfaces are decommissioned, runoff during the 2-year, 24-hour storm is reduced by over 
70% and 50% for B/C soils and D soils, respectively in City A (Figure 2(b)). In City B, decommissioning all 
impervious surfaces reduces the runoff during the 2-year, 24-hour storm by approximately 65% for both B soils and 
D soils (lines seemingly overlap in Figure 2(b)). In City A, for the 10-year, 24-hour storm, the runoff is reduced by 
approximately 60% and over 40% for B/C soils and D soils, respectively. For the 10-year, 24-hour storm the runoff 
is reduced by approximately 50% for both B soils and D soils, in City B. Similar to the historic precipitation 
analysis, brush reduces the runoff the most for both B/C soils and D soils. The retooling alternatives were also 
evaluated during a 2-year and a 10-year, 10-minute storm in City B to estimate the effectiveness of the retooling 
alternative on CSSs during high intensity precipitation events. By decommissioning the impervious surfaces, the 
runoff typically generated during the storm can be reduced by over 90%, for both soils types, providing a significant 
reduction in generated runoff during the high intensity precipitation events. Transitioning land uses, for both soil 
types, were able to reduce the runoff by over 97% during these high intensity storms in City B.   
 
 
(a)     (b) 
Fig. 2. Decommissioning impervious surfaces: (a) historical precipitation data and (b) 24 hour design storms 
 
4.2. Low-impact development: bioretention cells   
In City A, the area of the bioretention cell is slightly more than three lots per block (assuming 1/8 acre lots), and 
slightly less than one lot per block in City B (assuming 1/4 acre lots). The storage volume and the percentage of 
runoff routed to the bioretention cell influenced the reduction of runoff (see Table 2 for bioretention cell 
specifications). For simulations using historical precipitation data, a bioretention cell receiving 100% of the runoff 
generated with the largest storage area (12-inch and minimal vegetation) was capable of reducing the runoff in the 
analysis area by almost 100% for B/C soils and D soils in City A and 95% for B soils and D soils in City B (Figure 
3). The flat line spanning the alternatives in Figure 3, when 50% of the runoff is routed, indicates that all design 
alternatives were capable of capturing and treating the runoff routed to the bioretention cell onsite.  
When 50% of the runoff from the impervious areas is routed to the bioretention cell, the runoff from the 2-year, 
24-hour storm for all storage designs, except the 6-inch storage with dense vegetation, may be treated onsite for both 
compact soil and actual soil classification (see Figure 4). For the 10-year, 24-hour storm, the 12-inch storage design 
and minimal vegetation is capable of treating the volume of runoff for both soil types. The bioretention cell 
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receiving 100% of the runoff generated across the candidate area’s impervious surfaces is only capable of treating 
the volume of runoff during the 2-year storm, for B/C soils, when the storage design is at its maximum capacity of 
12-inch storage and minimal vegetation. Although the bioretention cells reach capacity during the storms for most 
designs assessed, they are still capable of considerably reducing the runoff during these synthetic storms. For 
instance, during the 10-year storm, runoff is reduced by at least 30%, irrespective of soil type. 
 
 
Fig. 3. Runoff reductions post implementation of bioretention cells simulated with historical data 
 
 
 
(a)      (b) 
Fig. 4. Runoff reductions post implementation of bioretention cells simulated with 24 hour design storms: (a) City A and (b) City B 
 
The bioretention cells in City B were capable of treating the runoff generated and routed to the bioretention cell 
during the 2-year and 10-year, 10-minute storms, with the exception of one design. When 100% of the runoff is 
routed to the bioretention cell, the smallest storage design, 6-inch storage with dense vegetation, was not capable of 
treating all runoff onsite, reducing the runoff by 80%. The runoff reduction is slightly higher for D soils as the 
infiltration capacity of the soil is characteristically less than B soils. 
5. Validation and verification (V&V) 
This model was validated and verified (V&V) using three steps: conceptual model validation, computerized 
model verification, operational validation. The first meetings for validation and verification occurred in October 
2014 with 5 subject matter experts (SMEs) from the two Midwestern cities. The experts had a minimum of 15 years 
of experience working with the city water or wastewater utilities in operations or management roles. In March 2015, 
the V&V process was repeated with 4 different SMEs from the same two cities, who had a minimum of 10 years 
working with urban planning or city utilities in operations or management roles. The SMEs validated the conceptual 
model for the assumptions and representation of the underground infrastructure and topology of the land.  The 
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operational validation occurred by confirming that results were consistent across case studies and with published 
literature (see Table 3). Furthermore, the reductions of runoff were confirmed to be reasonable by the SMEs.  
 
Table 3. External validation 
Relevant findings Study 
Status quo model runoff comparable for land use and percentage of impervious surfaces [19, 24] 
Decommissioning impervious surfaces can reduce the generated runoff [34] 
Percentage of reduced runoff in bioretention (45-99% dependent on study) aligns with estimated runoff reductions post 
bioretention cell implementation 
[15, 20, 
13, 17] 
During 10-minute storms, bioretention cells were demonstrated to be capable of capturing inflow, consistent with the findings 
from this study in the 10-minute storms 
[15] 
Sizing of and density/choice of vegetation impact the performance of the bioretention cell, consistent with findings in this study [15, 9] 
6. Discussion 
The land use transformations assume that all impervious surfaces are decommissioned and the land use has 
undergone transition. As expected, the greater the reduction in impervious surfaces across the analysis area, the 
greater the reduction in runoff. Between the land transformation retooling alternatives, brush yielded the highest 
reduction of runoff. The use of bioretention cells is appropriate for the topography in City A and City B. The 
approximate size of the bioretention cell is slightly more than three lots per block in City A’s analysis area (with 1/8 
acre lots), and slightly less than one lot per block in City B’s analysis area (with 1/4 acre lots). The difference in the 
number of lots is due to City A having a greater percentage of impervious surfaces and smaller lot sizes than City B. 
The largest reduction in runoff impact occurred when all runoff within the analysis area was routed to a bioretention 
cell with a storage depth of 12-inches and minimal vegetation, reducing the runoff by approximately 100% during 
historic precipitation patterns. The different bioretention cell designs (runoff routing percentages, storage sizing, and 
presence of vegetation) allows a decision-maker to design the bioretention cell within the financial and physical 
constraints of the area. Additionally, routing all runoff may be challenging and require additional financial 
investment due to the urban areas having characteristics, such as curbs or land with minimal slopes.  
The viability of using different retooling options was demonstrated using two case studies, one each for separate 
stormwater systems and combined sewer systems. By increasing the number of case studies, the impact of runoff 
across cities with vacant or abandoned residential land and brownfields can be analysed.  
7. Significance of Study 
The effectiveness of re-zoning and transforming land, as well as incorporating bioretention cells to proactively 
manage underutilized infrastructure was analyzed in this study. Previous literature discusses the impact of 
decommissioning underutilized impervious surfaces in shrinking cities (e.g., [10, 34]) without quantifying the 
impacts of such retooling alternatives. This study presents an approach for quantifying the impact of retooling 
alternatives on the generated runoff. This approach can assist cities on combined sewer systems to analyze possible 
methods to reduce the runoff entering the infrastructure systems, possibly reducing the volume of or frequency of 
overflows. When cities cannot afford the financial investment to separate combined sewer systems into individual 
combined and separate systems, implementing retooling alternatives may be a cost effective method for reducing the 
strain on the wastewater treatment plant. The findings from this study can assist cities operating on separate sewer 
systems by providing strategies for reducing the runoff and non-point source pollutants from entering the 
stormwater system. The viability of retooling alternatives was analyzed using an open-source software, thus 
providing fiscally strained cities an economical option for analyses. Furthermore, quantifying the area of 
bioretention cells in terms of vacant lots, provides a reference to the relative area necessary per city block to 
accomplish the reductions in runoff.  
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